Somatic mutations in mitochondrial DNA have been reported in colorectal adenomatous polyps (adenomas), the precursors to most colorectal cancers. However, there are no reports of associations of germline variation in mitochondrial DNA with adenoma risk. We investigated associations of germline polymorphisms in the displacement loop (D-loop) and non-D-loop region of the mitochondrial genome with incident, sporadic colorectal adenoma in three pooled colonoscopy-based case-control studies (n = 327 adenoma cases, 420 controls) that used identical methods for case and risk factor ascertainment. We sequenced a 1124 bp fragment to identify all genetic variation in the mitochondrial D-loop region, and used the Sequenom platform to genotype 64 tagSNPs in the non-D-loop region. We used multivariable unconditional logistic regression to estimate associations of the polymorphisms with adenoma. The odds ratios (OR) for associations of four polymorphisms in the HV1 region (mt16294, mt16296, mt16278, mt16069) with adenoma were 2.30, 2.63, 3.34, and 0.56, respectively; all 95% confidence intervals (CI) excluded 1.0, however, after correction for multiple comparisons, none of the findings remained statistically significant. Similar results were found for six polymorphisms in the non-D-loop region. In the HV1 region poly C tract, relative to those with 5 repeats, the ORs for those with fewer or more repeats were, respectively, 2.29 (95%CI 1.07-4.89) and 0.63 (95%CI 0.36-1.08), but repeat numbers in the HV2 region were not associated with adenoma. These findings suggest that mitochondrial D-loop HV1 region polymorphisms may be associated with colorectal adenoma risk and support further investigation. 
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| INTRODUCTION
Mitochondria play an important role in energy metabolism and generate reactive oxygen species (ROS) that cause oxidative damage.
1,2 ROS-induced oxidative damage plays an important role in early colorectal carcinogenesis starting even before the development of macroscopic colorectal adenomas, which are well recognized precursors for colorectal cancer. 3, 4 The human mitochondrial genome is a 16 kb circular double-stranded DNA molecule that encodes 13 polypeptide components of the electron transport chain (ETC), 22 tRNAs, and 2 rRNAs. 5, 6 The displacement loop (D-loop), the only non- np 57-333) that are mutational hotspots. In addition, both HV1 and HV2 regions contain poly C tracts that are important in regulating mtDNA replication. 7 The mitochondrial genome has a higher mutation rate than does the nuclear genome due to the proximity of the mitochondrial genome to ROS production sites, limited DNA repair mechanisms in the mitochondria, and a lack of protective histone proteins. 8 The D-loop region, in particular, accumulates mutations at a higher frequency than do other regions of the mitochondrial genome. 9 Hence, sequence alterations in the D-loop region may contribute to altered replication and/or transcription of mitochondrial genes, which affect overall mitochondrial function and cellular ROS generation.
Consistent with this observation, D-loop genetic variants were associated with mtDNA copy number, 10 
| MATERIALS AND METHODS

| Study population
The data for this analysis were pooled from three colonoscopy-based and then the reactions were held at 4°C if needed. The PCR product was purified prior to sequencing using the ExoSAP enzyme (Affymetrix, Santa Clara, CA). The amplified mitochondrial fragments were submitted to the University of Minnesota Genomics Center (UMGC) for bi-directional Sanger sequencing by adding 3.2 pmol of the appropriate sequencing primer to 2 μL of the purified PCR product.
The sequencing primers used for sequencing the Fgt1 and Fgt2 amplicons are listed below:
Fgt1 sequencing primer (forward): mt15876: 5′-ACAAAA-
TACTCAAATGGGCCTGT-3′
Fgt1 sequencing primer (reverse): mt151: 5′-GGATGAGGCAG-
GAATCAAAGAC-3′
Fgt2 sequencing primer (forward): mt16488: 5′-CTGTATCC-
GACATCTGGTTCCT-3′
Fgt2 sequencing primer (reverse): mt1108: 5′-
TTTGGGGTTTGGTTGGTTCG-3′
The sequences were assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI), and all of the polymorphisms were evaluated manually for accuracy.
| Non-D-loop region genotyping
The 64 tagSNPs identified in a previous publication 30 were genotyped using the MassARRAY System combined with iPLEX chemistry (Agena Bioscience, San Diego, CA) at UMGC.
| Mitochondrial DNA copy number
Mitochondrial DNA copy number was estimated using a quantitative real time polymerase chain reaction (PCR) as described previously. 
| Serum F 2 -isoprostanes
Serum F 2 -isoprostanes concentrations were measured using GC-mass spectrometry. 32 An unweighted oxidative balance score that included a composite of anti-and pro-oxidant diet and lifestyle factors was calculated for each participant as described previously. 
| Statistical analysis
Statistical analyses were carried out using SAS software version 9.1.3
(SAS Institute, Cary, NC). All P-values reported were two-sided. To investigate associations of the mitochondrial polymorphisms with mtDNA copy number among the controls, we used multivariable linear regression, adjusting for age, race, sex, and study (CPRU, MAPI, MAPII). Among cases, we investigated associations of the D-loop and non-D-loop mitochondrial polymorphisms with adenoma multiplicity, colon site, size, subtype, and dysplasia using unconditional logistic regression models adjusted for age, sex, and race.
As the poly C tract polymorphisms in the HV1 and HV2 regions were a priori hypothesized to be associated with colorectal adenoma, a P-value ≤ 0.05 for an association of any these polymorphisms with adenoma was considered to be statistically significant. Since there 
| RESULTS
Selected characteristics of the cases and controls are summarized in Table 1 . Compared to the controls, the cases were, on average, older; more likely to be women, currently smoke, or currently consume alcohol; less likely to have a family history of colorectal cancer in a first degree relative or take non-steroidal anti-inflammatory medications regularly; and, on average, had a lower oxidative balance score. After adjustment for covariates, three HV1 D-loop polymorphismsmt16294, mt16296, and mt16278-were statistically significantly associated with, 2.30-, 2.63-, and 3.34-fold higher risk for adenoma, respectively, and one (mt16069) was statistically significantly associated with approximately 44% lower risk; however, none of the findings for these variants remained statistically significant after adjustment for multiple comparisons (all Bonferroni-corrected P-values ≥0.002) ( Table 2 ).
In the non-D-loop region, three polymorphisms-mt709, mt930, and mt13708-were nominally associated with 1.75-, 2.42-, and 1.93-fold higher risk, respectively, and three polymorphisms-mt13708, mt14798, and mt15073-were nominally associated with approximately 41%, 40%, and 51% lower risk, respectively; however, none of the findings for these variants remained statistically significant after adjustment for multiple comparisons (all Bonferroni-corrected P-values > 0.003).
The distributions of the poly C tract polymorphisms in the HV1
and HV2 regions were similar to those in previously published studies. 10, 14 In the HV1 region, the 5C repeat polymorphism was observed in 85% of the study participants, repeat polymorphisms with ≤4 repeats (1-4 repeats) were found in 5%, and repeat polymorphisms with ≥6 repeats (6-13 repeats) were found in 10% of the participants (Table 2 ). In the HV2 region, the 7C repeat was observed in 51% of the study participants, the 8C polymorphism in 38%, and repeats sizes of ≥9 (9-15 repeats) were found in 11% of the participants ( Table 2 ). The poly C tracts in the HV1 (16 180-16 195) and HV2 (303-317) regions were analyzed separately. Relative to individuals with 5C repeats, those with ≤4 repeats were at statistically significant, 2.29-fold higher risk of adenoma, while those with ≥6 repeats were at an estimated 27% lower risk, although the finding was not statistically significant. In the poly C tract in the HV2 region, relative to those with the most common repeat polymorphism (7 Cs), neither those with 8 Cs nor those with ≥9
Cs were statistically significantly associated with adenoma (P ≥ 0.32).
Among the cases, none of the D-loop or non-D-loop mitochondrial
SNPs associated with colorectal adenoma were associated with adenoma multiplicity, colon site, size, subtype, or dysplasia (data not shown).
Among the controls, of the polymorphisms that were nominally associated with colorectal adenoma (ie, prior to correction for multiple common in MUTYH polyposis (9/11; 82%) than in FAP (6/13; 46%) or sporadic adenomas (4/19; 21%). 35 In a retrospective cohort study of for mitochondrial replication more efficiently than the longer, uninterrupted poly C tract. 36 Similarly, the poly C tract in the HV2 region is also a replication primer binding site that is an important initiation site for mtDNA replication. 37 Hence, we hypothesized that longer, uninterrupted poly C tracts in the HV1 or HV2 regions may be associated with reduced mtDNA copy number. A previous crosssectional study of 837 healthy adults reported an association of a longer poly C tract in the HV1 region with lower mtDNA copy number (mean mtDNA copy number of 2.47 in the uninterrupted poly C repeats (≥10C) versus 2.55 in the interrupted poly C tracts (4-9 poly C repeats); P = 0.01). 10 One previous study of breast cancer 38 
39
Our study has several limitations and strengths. The primary limitation was the relatively small sample size. Also, a relatively low proportion of participants from the three case-control studies had sufficient DNA to be included in these analyses, suggesting some limitations to the generalizability of our findings, and raising the
